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ABSTRACT
The effect of UV radiation (UVR) on juvenile Atlantic salmon
(Salmo salar) was assessed by measuring the fatty acid (FA)
profiles of muscle, dorsal and ventral skin, and ocular tissues
following 4-month long exposures to four different UVR
treatments in outdoor rearing tanks. Fish were fed two different
diets (Anchovy- and Herring-oil based) that differed in polyun-
saturated fatty acid (PUFA) concentrations. Anchovy-fed
salmon had higher concentrations of ALA (alpha-linoleic acid;
18:3n-3), EPA (eicosapentaenoic acid; 20:5n-3) and DPA
(docosapentaenoic acid, 22:5n-3) in their muscle tissues than
fish fed the Herring feed. Fish subjected to enhanced UVB levels
had higher concentrations of LIN (linolenic acid, 18:2n-6) and
ALA, total omega-6 FA and SAFA (saturated fatty acids) in
their tissues compared with fish in reduced UV treatments.
Concentrations of ALA, LIN, GLA (gamma-linolenic acid;
18:3n-6), EPA, PUFA and total FA were higher in ventral skin
of fish exposed to enhanced UVB compared with fish in reduced
UV treatments. Salmon exposed to reduced UV weighed more
per-unit-length than fish exposed to ambient sunlight. The FA
profiles suggest that fish exposed to UV radiation were more
quiescent than fish in the reduced UV treatments resulting in a
buildup of catabolic substrates.
INTRODUCTION
The degree to which UV radiation (UVR; 280–400 nm)
penetrates water is mainly affected by depth and the inherent
optical properties of the water mass (1–3). Ozone depletion
increases levels of UVB radiation (280–320 nm) reaching the
earth’s surface and, therefore, the dose that penetrates into
natural waters. Although there is some uncertainty with
respect to model predictions, ozone levels are expected to
remain lower than in the 1970s with a return to pre-1980
concentrations expected only by the mid-21st century (4).
UVR has many harmful effects on aquatic organisms (5,6),
especially in shallow, clear-water habitats where organisms
cannot readily escape into deeper water and ⁄ or in situations
where riparian canopy cover has been removed through
natural (e.g. fire) or anthropogenic (e.g. clear cutting) causes.
For example, eggs of landlocked Galaxias maculates from
Patagonia exhibited increased mortality as a function of UV
dose (7) and juvenile rainbow trout (Oncorhynchus mykiss)
increased their swimming activity, restless behavior and
oxygen consumption when they were exposed to UVR (8). In
general, the early life stages of fishes are more sensitive to the
effects of UVR than are older fish (9).
In natural situations, juvenile salmon limit their exposure to
ambient UVR by hiding between or under overhanging rocks
or under the shadow of the riparian canopy. In contrast, in
some aquaculture situations (e.g. uncovered, relatively shal-
low, outdoor rearing tanks filled with clear water), or in
situations where cover has been removed through natural or
anthropogenic activity, juvenile salmon may be exposed to
UVR. Because salmon farming is expanding rapidly (10) we
wanted to evaluate whether exposure to UVR had the
potential to have negative consequences on the health and
growth of juvenile Atlantic salmon. We assessed this by
quantifying the fatty acid (FA) signatures in four different
tissues of salmon fed two different feeds and subjected to four
different UV treatments. The length and weight of salmon was
recorded in each treatment at the beginning and end of the
experiment. Two artificial feeds were designed to differ in
concentrations of two essential omega-3 FA: eicosapentaenoic
acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3)
(a complete list of lipid abbreviations is provided in Table 1).
These two FAs were emphasized because EPA is a precursor to
anti-inflammatory eicosanoids (11) whereas DHA plays a
crucial role in vision (see below) and in membrane competency
in general (11).
METHODS
Salmon culture. Juvenile Atlantic salmon (Salmo salar; Norsk
LakseAvl strain) from the Matre Aquaculture Research Station,
Institute of Marine Research (IMR), Matre, Norway were used for
these experiments. Fish were transported to the IMR’s Austevoll
Research Station (605¢42¢¢N, 513¢8¢¢E) where the experiment was
conducted. A sample of 50 fish was randomly selected from the batch
that was delivered to the experimental facility in May 2002. The mean
(±SE) length and weight for this sample of 50 fish was 5.69 cm
(±0.13) and 1.85 g (±0.12). At the beginning of the experiment
salmon were placed into tanks (3 m wide · 1 m deep and filled with
6000 L water) in which net cages (50 · 60 · 60 cm; L · W · H)
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were immersed 30 cm into the water (i.e. the distance from the water
surface to the bottom of the net cages was 30 cm). Each net cage was
stocked with 100 juvenile Atlantic salmon at the beginning of the
experiment. At the end of the experiment all fish were euthanized using
tricaine methanesulfonate (MS-222). There were eight tanks (experi-
mental units) corresponding to the eight possible feed · UV treatment
combinations. Additional details of the experimental setup and
conditions can be found elsewhere (12).
Salmon diets. Two feed types were manufactured by Nofima (http://
www.nofima.com/; formerly SSF, Norway), Norway. The two feeds
were designed so as to have different concentrations of key omega-3
FA (Fig. 1, Table 2). This was accomplished by adding Atlantic
herring (Clupea harengus) oil to one of the feeds and Peruvian anchovy
(Engraulis ringens) oil to the other. For brevity these feeds are hereafter
referred to as the Herring feed and the Anchovy feed. The detailed
ingredients, gross chemical composition and energy content of the
feeds are provided in Table 2. The batch-produced feeds were
processed into 1.0, 1.5 and 2.0 mm diameter pellets so that salmon
could be fed appropriately sized particles as they grew.
A sample of each of the three feed pellet sizes was collected at the
beginning of the experiment and analyzed for fatty acid methyl esters
(FAME) following the procedures described below. The bags of feed
were stored throughout the experiment, in the dark, in a )50C chest
freezer. At the end of the experiment an additional sample of each of
the three feed pellet sizes was collected and analyzed for FAME to
determine if any FA degradation had occurred during storage. Salmon
were hand fed ad libitum.
Light measurements and irradiance treatments. The purpose of the
net cages was to keep salmon: (1) at approximately the same depth in
all treatments so that the UV dose that they received could be more
accurately estimated and (2) centered under the shielding materials
and ⁄ or lamps. The underwater irradiance measurements (Optronic
Laboratories OL754 scanning spectrophotometer), were made by
placing the aperture of the sensor at the bottom of the net cages (i.e.
30 cm depth). Salmon were exposed to four irradiance treatments: (1)
natural sunlight filtered through Rohm Plexiglas GS-231 (hereafter
referred to as )UVR) which has a sharp cutoff below 400 nm (i.e. no
UVB or UVA radiation), (2) natural sunlight filtered through Mylar-
D (hereafter, )UVB) which removes wavelengths below 320 nm
(50% transmittance at 318 nm), (3) ambient sunlight (hereafter, Sun)
and (4) natural sunlight enhanced with additional UVB radiation
(hereafter, +UVB). The +UVB treatment received its extra UVR via
supplementation by one 40 W fluorescent lamp (Philips TL40 ⁄ 12RS)
located 1 m above the water and switched on for 1 h day)1 for a total
of 130 days. The lamps were wrapped in cellulose triacetate film (CTA,
95 lm; Clarifoil Co., UK) to remove any UVC radiation emitted by
the lamp (<1% in air before screening with CTA). The CTA film was
changed after a maximum of 18 h of use. The Plexiglas and Mylar-D
filters were the width of the tank (3 m) and were 2 m long. They were
attached to a wooden frame that overhung the edges of the tanks at
their ends. The filters were oriented on a 20 angle to shed rain and
were washed regularly to prevent the accumulation of dust and other
debris. The distance from the top of the water to the filters ranged from
10 to 40 cm. This arrangement ensured that all the sunlight always
passed through each of the filter treatments. Exposures ran from 30
April to 26 September 2002. Specific exposure regime details can be
found elsewhere (12).
Ambient radiation data, covering the full duration of the experi-
ments, were obtained from a multichannel radiometer (305, 313, 320,
340, 380, 395 and 400–700 nm; GUV-541, Biospherical Instruments,
CA) situated in Bergen (6022¢43¢¢N, 520¢33¢¢E, University of Bergen),
22 km north of the location at which the experiment took place. The
total ambient dose (kJ m)2 nm)1) was calculated by summing daily
totals over the exposure period (Table 3). The doses received under the
)UVB and )UVR treatments (Table 3) were calculated by multiplying
the spectral transmission (measured with the OL754) of the materials
by the ambient total dose measured by the GUV-541 (which was
interpolated to 1 nm resolution, 299–367 nm). The irradiance output
of the supplemental UV lamp was multiplied by total exposure time
(130 h) and added to the ambient total dose to give total exposure for
the +UVB treatment (Table 3). To further characterize the exposures,
spectral scans were acquired just above the water surface on an
overcast day for each of the treatments (Table 3). Effective erythemal
irradiance (W m)2) was calculated using the CIE reference action
spectrum (13). In Table 3, the results are presented as the time
(minutes) needed to be exposed to one standard erythema dose (SED),
defined as 100 J m)2 of erythemal radiant exposure (ISO ⁄CIE Stan-
dard ISO 17166:1999E ⁄CIE S 007 ⁄E-199830).
Tissue collections and processing. At the end of the experiment (26
September 2002) four different tissues were collected from salmon:
dorsal and ventral skin, dorsal muscle (skin removed and landmarked
to either side of the dorsal fin) and eyes. The dorsal skin was sampled
adjacent to the dorsal fin. Ventral skin was obtained from the region
between the pectoral fins and anus. We could not efficiently separate
retina from surrounding tissues, therefore, the entire posterior portion
of the eye was sampled. Thus, these tissues were comprised of retina
and supporting tissue and are hereafter referred to as ocular tissues.
We chose the dorsal muscle because it is the largest tissue in fish and
because we hypothesized that if we observed major changes in FA
profiles in this tissue then the effects of UVR must be systemic in
nature and the dorsal skin because this tissue should be the major
direct target site for UVR damage (14,15). The ventral skin was
selected because it is relatively less pigmented (protected) than what we
anticipated to be the main target tissue (i.e. dorsal skin). Ocular tissue
was chosen because: (1) dietary supply of DHA is known to affect
retinal DHA concentrations in fish (16,17), (2) DHA is known to be
crucial to visual acuity in vertebrates (18–20) and (3) UVR negatively
affects several aspects of vision in vertebrates (e.g. major cytoskeletal
structures such as microtubules and actin) leading to cataract
formation (21,22).
Table 1. Common lipid abbreviations.
Compound or class of lipid Abbreviation Formula or definition
Alpha-linoleic acid ALA 18:3n-3*
Linolenic acid LIN 18:2n-6
Gamma-linolenic acid GLA 18:3n-6
Arachidonic acid ARA 20:4n-6
Eicosapentaenoic acid EPA 20:5n-3
Omega-3 docosapentaenoic acid DPA 22:5n-3
Docosahexaenoic acid DHA 22:6n-3
Fatty acid FA
Fatty acid methyl ester FAME Fatty acid esterified to a terminal methyl group
Saturated fatty acid SAFA Fatty acid with no double bonds
Monounsaturated fatty acid MUFA Fatty acid with one double bond
Polyunsaturated fatty acid PUFA Fatty acid with ‡2 double bonds
Highly unsaturated fatty acid HUFA Fatty acid with ‡20 carbons and ‡3 double bonds
Omega-3 fatty acid Omega-3 FA FA with the first double bond at the third carbon from methyl end of molecule
Omega-6 fatty acid Omega-6 FA FA with the first double bond at the fourth carbon from methyl end of molecule
*‘‘m:pn-x’’ denotes a fatty acid (FA) with ‘‘m’’ carbon atoms, ‘‘p’’ ethylenic bonds (methylene-interrupted) if more than 1, and ‘‘x’’ carbon atoms
from and including the terminal group to and including the carbon atom nearest the first ethylenic bond.
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The tissue samples were placed in cryovials, frozen in liquid
nitrogen and immediately transferred to a cryogenic freezer ()85C)
where they remained until FA analyses. All tissues were freeze-dried
prior to analyses. Tissues from a total of six haphazardly selected fish
were collected from each possible combination of UV treat-
ment · feed. Thus, a total of 192 individual tissue samples were
analyzed for FA (4 treatments · 2 diets · 4 tissues · 6 fish per
treatment cell). The remaining fish were photographed and their
length and weight was determined. In all, we measured lengths and
weights of 130, 114, 118, and 122 fish in the Herring-fed group and
121, 119, 114, and 108 fish in the Anchovy-fed group in the )UVR,
)UVB, Sun and +UVB groups, respectively (for both feed types).
Lipids and fatty acids. FAMEs of freeze-dried salmon feeds and
salmon tissues were obtained in a three-step process: extraction (23),
derivatization using the boron trifluoride method (24) and quantifica-
tion on a HP6890 gas chromatograph (25). FAMEs were identified and
quantified using Supelco’s 37 component FAME standard (#47885-U)
by comparing peak retention times between samples and standards.
FA results are reported as lg FAME mg)1 dry mass of tissue. The
commonly accepted abbreviations used here include: ALA (alpha-
linoleic acid;18:3n-3), LIN (linolenic acid, 18:2n-6), GLA (gamma-
linolenic acid; 18:3n-6), EPA (20:5n-3), ARA (arachidonic acid; 20:4n-
6), DPA (docosapentaenoic acid, 22:5n-3), DHA (22:6n-3), SAFA
(saturated fatty acid), MUFA (monounsaturated fatty acid), PUFA
(polyunsaturated fatty acid) and FAME. A complete list of lipid
abbreviations is provided in Table 1.
Statistical analyses. Kruskal–Wallis one-way ANOVA on ranks
tests revealed that there was no systematic difference in concentra-
tions of EPA and DHA amongst the three feed pellet sizes
(P > 0.05). Two-way ANOVA was used to test if there was
significant degradation in EPA or DHA concentrations within each
of the two feeds over the course of the experiment by comparing
concentrations of these two labile omega-3 FAs in triplicate feed
samples collected in June and September. Because no significant
differences in concentrations of labile EPA or DHA over time in
either feed were observed (F(1,8) = 2.4, P = 0.16; F(1,8) = 0.91,
P = 0.38, respectively), the triplicate samples collected in June were
pooled with triplicate samples in September in order to provide data
for testing if there were any differences in individual FA between the
two feeds. This larger dataset was found to be non-normal for some
FAs. Therefore, all differences between feeds, with respect to
individual FA, were assessed using Mann–Whitney ranks sum tests.
Concentrations of three long-chain omega-3 fatty acids (EPA, DPA
Table 2. Composition (in kg), gross proximate composition (% of wet
weight) and energy content (MJ kg)1) of the two experimental Atlantic
salmon feeds.
Ingredient Detailed composition (kg)
Fish meal 52 ⁄ 02* 76.58
Fish meal 358 ⁄ 01† 32.88
Atlantic herring oil 15.75 in Feed 1; 0.00 in Feed 2
Peruvian anchovy oil 0.00 in Feed 1; 15.75 in Feed 2
Soya lecithin 0.75
Suprex Corn 21.00
Vitamin mix 2.25
Mineral mix 0.60
Inositol 0.05
Betafin (betaine) 0.15
Carophyll Pink (astaxanthin) 0.06
Component (both feeds) Gross composition
Protein 53.9
Lipid 17.7
Carbohydrate 11.5
Ash 10.3
Water 6.4
Sum 99.8
Energy (MJ kg)1) in both feeds 150
*62% blue whiting (Micromesistius poutassou) and 38% capelin
(Mallotus villosus). †70% sand eel (Ammodytes marinus) and 30%
Atlantic herring (Clupea harengus).
Table 3. Total dose (over duration of experiment; 30 April to 26
September 2002), in air, for each exposure treatment group. The time
for one standard erythemal dose (SED; in minutes), in air, is provided
for the treatments in which UV radiation was present.
Waveband (nm)
Dose (kJ m)2)
)UVR )UVB Sun +UVB
299–320 0 84 4995 5197
321–367 0 30 451 63 095 63 247
Time for 1 SED (min) N ⁄A 1212.1 119.9 20.6
N ⁄A = not applicable.
Figure 1. Gross (upper panel) and detailed (lower panel) principal
fatty acid (FA) composition of the two experimental feeds. Light gray
fill and dark gray fill (with cross hatch pattern) correspond to Atlantic
herring (Clupea harengus) and Peruvian anchovy (Engraulis ringens)
oil-based feeds, respectively. With the exception of the physiologically
important essential FAs (alpha-linoleic acid and arachidonic acid),
only FAs with a concentration >1 lg mg)1 dry weight are shown.
FAME = fatty acid methyl esters; SAFA = saturated fatty acids;
MUFA = monounsaturated fatty acids; PUFA = polyunsaturated
fatty acids. Error bars are standard errors. An asterisk above a pair of
FA indicates a statistically significant difference at P < 0.05 (Mann–
Whitney rank sum test) between the two feeds.
Photochemistry and Photobiology, 2010, 86 911
and DHA) in skinless dorsal muscle were compared (t-tests) at the
end of the experiment in the )UVR treatment in order to assess
whether or not the test feeds were able to produce the intended
enhancement in physiologically important omega-3 FA concentra-
tions in the fish.
The effect of UV and diet on the FA content of Atlantic salmon
was examined using a series of unreplicated, three-way univariate,
ANOVAs with UV (+UVB, Sun, )UVB and )UVR), diet (Herring
and Anchovy oil) and tissue type (dorsal muscle, ocular tissue, and
dorsal and ventral skin) included as fixed factors (Table 4). The FA
content was characterized using metrics known to have important
physiological properties. These metrics included the concentration
(lg mg)1 DW) of key individual FAs (LIN, GLA, ALA, ARA, EPA,
DPA and DHA), and summary indices (total omega-3 FA, total
omega-6 FA, SAFA, MUFA, PUFA and total FA). Total lipid
content (%) was also examined. Response values were mean FA
concentrations (for the various metrics described above), as well as
lipid content per tissue type for the six fish subsampled from each
experimental tank. The three-way ANOVA interaction term was
assumed negligible and used as the error term (26). This assumption of
effect sparsity was confirmed by examination of normal probability
plots (27) and Lenth exact tests (28,29) using a modified design where
each 4-level factor (UV and tissue type) was replaced with two 2-level
factors for a total of five 2-level factors (30). Stepwise regression on
the original three factor design also indicated the three-way interaction
was not significant (P > 0.05). ANOVA P-values were adjusted for
multiple inferences using the false discovery rate (31) and significant
UV and diet effects were further examined using Tukey multiple
comparison procedures. Analysis of ANOVA residuals indicated
variances for percent lipid were irremediably unequal and that
therefore results for this individual metric should be interpreted with
caution. All other FA metrics met parametric analysis requirements.
Tissue-specific responses to UV and diet were examined using a series
of two-way ANOVAs (Table 4) followed by Tukey or Tukey–Kramer
multiple comparison tests depending on whether the interaction term
was significant.
The effect of UV and diet on the length–weight relationship of
Atlantic salmon was assessed using ANCOVA followed by Tukey–
Kramer multiple comparison tests. Prior to ANCOVA, length and
weight measures were log transformed to linearize relationships and
the assumption of regression slope homogeneity was confirmed
(F0.05,7,929 = 0.7, P > 0.05). Analysis of regression residuals identified
a single influential outlier in the Anchovy fed, )UVB treatment group;
this individual was removed from analysis. All UV and diet effects
were analyzed using SAS Institute, Inc. (version 9.1) statistical
software.
RESULTS
Feed analyses
The bulk composition of the two feeds was identical, with the
exception of the type of oil added: Atlantic herring or Peruvian
anchovy (Table 2). Because there were no significant relation-
ships (Kruskal–Wallis ANOVA) in either EPA or DHA
concentrations among the three pellet sizes for either Feed 1
or for Feed 2 we pooled the FA data from the different pellet
sizes. Further, there was no significant difference between the
June and September sampling periods with respect to concen-
trations of labile EPA and DHA in the feed confirming that
freezing the feed at )50C sufficed to preserve the feed for the
duration of the experiment. There was no significant interac-
tion between sampling time and feed type for either EPA or
DHA (F(1,8) = 0.05, P = 0.84; F(1,8) = 0.51, P = 0.497,
respectively).
Although the bulk composition of feeds was identical, there
were, as expected, significant differences in the overall FA
profiles between the two feeds (Fig. 1). Omega-3 FA, SAFA,
PUFA and total FAME concentrations were all higher in the
Anchovy feed; however, MUFA concentrations were higher in
the Herring feed principally because concentrations of 20:1n-9
(a FA biomarker typically associated with the consumption of
copepods such as Calanus spp. and, thus, consistent with the
diet of Atlantic herring) were higher in this feed (Fig. 1). In
keeping with the objective of creating two distinct feed types
differing in concentrations of physiologically important
omega-3 highly unsaturated fatty acids (HUFA), the Anchovy
feed had higher concentrations of both EPA and DHA,
consistent with what we would expect given the origin of
Peruvian anchovies (i.e. diatom-rich waters off the coasts of
Peru and Chile) (Fig. 1). The Anchovy feed also had higher
concentrations of omega-3 docosapentaenoic acid (DPA;
22:5n-3) as well as higher concentrations of palmitic acid
(16:0), palmitoleic acid (16:1n-7; a diatom marker and thus
broadly consistent with the diatom-rich diets of Peruvian
anchovies) and ARA.
Effect of diet (Herring vs Anchovy) on FA content of
muscle tissue
In order to assess whether or not the feed manipulation
translated into the intended effects on FA profiles of Atlantic
salmon we compared FA profiles of skinless dorsal muscle of
six fish (from each feed type) from the )UVR treatment
collected at the end of the experiment. Although omega-3 FA,
PUFA and total FAME concentrations were higher in the
dorsal muscle tissues of Anchovy-fed fish than in Herring-fed
fish, these differences were not significant (t-tests; P = 0.09,
0.18 and 0.39 for omega-3, PUFA and total FAME, respec-
tively) due to variability in these measures amongst the
relatively small number of fish examined. Despite this, we were
able to measure significantly higher concentrations of ALA,
EPA and DPA (but not DHA; again due to high variability
among fish) in dorsal muscle tissues of fish fed the Anchovy diet
(Fig. 2). These results confirm that our dietary manipulation
had the desired effect of altering key omega-3 FA concentra-
tions in the largest tissue of salmon.
Fatty acid profiles of the four different tissues
Concentrations of physiologically important omega-3 and
omega-6 FAs were similar among dorsal muscle, dorsal and
ventral skin; however, as expected, DHA concentrations were
much higher in ocular tissues compared to the three other
tissues (Fig. 3). The high levels of EPA and DHA are typical of
Table 4. Summary of ANOVA degrees of freedom. Unreplicated
three-way ANOVAs were used to detect UV, diet and tissue effects on
the fatty acid content of juvenile Atlantic salmon while two-way
ANOVAs were used to detect tissue-specific effects of UV and diet.
Three-way
ANOVA d.f.
Two-way
ANOVA d.f.
Total 31 7
Model 22 5
UV 3 2
Diet 1 1
Tissue 3
UV · Diet 3 2
UV · Tissue 9
Diet · Tissue 3
Error 9 2
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Atlantic salmon and account for the high concentrations of
total omega-3 FAs (compared to total omega-6 FAs) in this
species (Fig. 4). Total lipid concentrations (simple gravimetric
analyses) were ranked (highest to lowest) in the following
order: ventral skin, ocular tissue, dorsal skin, dorsal muscle
(Fig. 4).
UV treatments
The Mylar-D removed 98.3% of solar UVB irradiance in air,
and no UVB was detected at the bottom of the cages. The UV
lamp treatment delivered only a slight increase in total UV
dose (although a much higher dose rate for the 1 h exposure).
The supplementation of UVB radiation with Philips lamps
increased UVA irradiation by <1.5% (321–367 nm wave-
band). The lamps increased the average daily UVB irradiance
in air by 4.2%. Based on measurements in the 305–310 nm
waveband, the increased total dose delivered simulated a
stratospheric ozone loss of 8%.
Overall effect of light regime, feed and tissue type on fatty
acid profiles
Fish subjected to enhanced UVB (the +UVB treatment) had
higher levels of the individual FAs LIN (three-way ANOVA
UV effect, F3,9 = 6, P = 0.016) and ALA (F3,9 = 10.7,
P = 0.003), as well as the summary FA indices total omega-
6 (F3,9 = 5.9, P = 0.016) and SAFA (F3,9 = 6, P = 0.016),
in their tissues compared with fish in the reduced UV
treatments (Tukey P < 0.05; Table 5). The FA content in
fish from the Sun treatment did not differ from that of fish
from the other UV treatments (P > 0.05). Diet also affected
FA content as ARA (three-way ANOVA diet effect,
F1,9 = 31.4), EPA (F1,9 = 61.2), DPA (F1,9 = 105.8), and
total omega-3 (F1,9 = 18.5) and PUFA (F1,9 = 15.1) were
elevated in tissues from fish fed the Anchovy feed diet while
LIN (F1,9 = 25.9) and total MUFA (F1,9 = 76.7) were higher
in fish fed the Herring feed diet (Tukey P < 0.05). Differences
in FA content due to UV and diet were not interrelated
(interaction effect P > 0.05). The FA and lipid content (with
the exception of EPA) differed greatly between tissues (three-
way ANOVA tissue effect, F3,9 ‡ 31.5, P < 0.05); differences
were unrelated to UV or diet treatment (interaction effect
P > 0.05).
The FA content in fish subjected to the )UVB and )UVR
treatments did not differ (see Table 5) and these treatments
were, therefore, combined as a single, low UV, treatment
()UV) in subsequent tissue-specific analysis of UV and diet
effects on FA profiles. Tissue-specific responses to diet and UV
(+UVB, Sun and )UV) are detailed below with reported
significance set at P £ 0.05 (two-way ANOVA and multiple
comparison procedures).
Effect of UV and diet on FA profiles of dorsal muscle and dorsal
skin tissues
FA and lipid content in dorsal muscle tissue was not affected
by UV treatment. Diet, however, influenced FA content with
Anchovy-fed fish containing a higher concentration of DPA
(diet effect, F1,2 = 27.3) and lower concentrations of LIN
(F1,2 = 19.2) and total MUFA (F1,2 = 16.9) compared with
Herring-fed fish. Total MUFA in dorsal skin tissue was also
lower in Anchovy-fed fish irrespective of UV treatment
(F1,2 = 149.9). LIN was similarly lower in Anchovy-fed fish
(F1,2 = 11.2) but only for fish in the Sun treatment.
Effect of UV and diet on FA profiles of ventral skin tissue
Concentrations of ALA, LIN, GLA, EPA, PUFA and total
FA were higher in ventral skin tissue of fish exposed to
enhanced UVB compared with fish in reduced UV treatments
(UV effect, F2,2 ‡ 18.6). Diet also influenced FA content of
ventral skin tissue with Anchovy-fed fish exhibiting higher
levels of GLA, ARA, EPA, DPA, PUFA and total omega-3,
but lower levels of MUFA (diet effect, F1,2 ‡ 21.1). UV and
diet treatments had an interactive effect on total omega-6 FAs
(F2,2 = 64.6) although omega-6 levels were consistently higher
in +UVB (Herring and Anchovy diets) and Sun treatments
(Herring diets) compared to the reduced UV treatments
(Herring and Anchovy diets).
Effect of UV and diet on FA profiles of ocular tissue
Ocular tissue FA concentration was primarily affected by diet
and the interaction of diet with UV. Fish fed the Anchovy diet
had reduced LIN concentration and increased concentrations
Figure 2. Detailed (upper panel) and gross (lower panel) fatty acid
(FA) composition of the dorsal muscle tissue (skin removed) of
Atlantic salmon (Salmo salar) in the )UVR treatment at the end of the
experimental period. Fills and abbreviations as in Fig. 1. Probabilities
associated with differences between pairs of FAs are provided when
the differences were significant (t-tests; *P < 0.05; **P = 0.002).
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Figure 3. Mean concentrations of physiologically important individual omega-3 and omega-6 fatty acids measured in four tissues of Atlantic
salmon (Salmo salar) fed two different feeds (Atlantic herring or Peruvian anchovy oil) and subjected to four different UV treatments (+UVB, Sun,
)UVB or )UVR). Each mean measurement comes from six fish (pseudo-replicates) collected from the same experimental treatment unit (tank). See
Table 1 for a complete list of lipid abbreviations.
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Figure 4. Mean concentrations of different fatty acid classes as well as total lipid concentrations (determined gravimetrically as % of dry weight of
extracted tissue) measured in four tissues of Atlantic salmon (Salmo salar) fed two different feeds (Atlantic herring or Peruvian anchovy oil) and
subjected to four different UV treatments (+UVB, Sun, )UVB or )UVR). Each mean measurement comes from six fish (pseudo-replicates)
collected from the same experimental treatment unit (tank). See Table 1 for a complete list of lipid abbreviations.
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of EPA, DPA and total omega-3 FAs regardless of UV
treatment (F1,2 ‡ 21.1). ARA, DHA and PUFA levels were
also generally higher in ocular tissues of Anchovy-fed fish but
levels were influenced by UV treatment (interaction effect,
F2,2 ‡ 34.8) with the lowest concentrations of ARA, DHA and
PUFA found in Herring-fed fish subjected to )UV conditions.
Effect of UV and diet on length–weight relationships
Atlantic salmon fed the Herring diet were heavier per unit
length compared with fish fed the Anchovy diet (ANCOVA
F1,936 = 4.5, P = 0.03; Table 6). Fish weight was also
affected by UV (F3,936 = 8.6, P < 0.0001) with fish exposed
to reduced UV weighing slightly more than fish exposed to the
Sun treatment (Tukey–Kramer P < 0.05; Table 7). The
length–weight relationship for fish in the +UVB treatment
did not differ from that of fish in the )UVB or Sun treatments
(P > 0.05). The interaction between UV and diet affected fish
weight (F3,936 = 2.8, P = 0.04), primarily because the largest
difference in weight per unit length was between Herring-fed
fish in the )UVR treatment and Herring-fed fish in the Sun
treatment. For example, the predicted weight of a Herring-fed,
12 cm long Atlantic salmon exposed to )UVR light was
21.58 g while the same fish in the Sun treatment would weigh
20.93 g, a difference of 3% (Table 7).
DISCUSSION
The long-chain omega-3 fatty acids EPA and DHA are
produced primarily in aquatic environments and are exported
to terrestrial environments by a variety of processes such as
insect emergence, fish consumption by terrestrial predators,
etc. (32). These fatty acids promote optimal physiological
health in aquatic and terrestrial animals, including humans
(33). Fatty acids are also sensitive and responsive to a broad
range of natural and anthropogenic stressors, including UVR
(34,35), herbicides (36), persistent organic contaminants (37),
temperature (11) and large-scale systemic changes in diet (38).
The last issue is of interest to this study because the availability
of specific FA in the diet influences the ability of vertebrates,
such as fish, to handle stress (11,39,40).
Our specific interest was to quantify the effects of UVR on
FA profiles of caged Atlantic salmon juveniles held in outdoor
tanks and to see if a change in dietary FA had the potential to
alter the final outcome of the UV exposure experiments, both
in terms of effects on salmon FA profiles and in terms of
effects on their growth (weight per unit length). Our objective,
in creating the two high quality fish feeds, was to provide a
subtle contrast in concentrations of physiologically important
FA without changing overall gross composition (protein,
carbohydrate and lipid) of the feeds. We produced a feed
(Anchovy oil based) with higher concentrations of omega-3
HUFA such as EPA, ARA and DHA because these FAs are
known to have widespread physiological effects in fish (11) and
other vertebrates, including humans (33,41). We also wanted
to examine whether or not this relatively subtle manipulation
would act to offset or otherwise alter the effects of UV
radiation, thus potentially shedding light on the complex
interactions between diet and this specific form of stress.
Table 5. Summary P-values from three-way ANOVAs testing the effects of UV treatment (+UVB, Sun, )UVB and )UVR), diet (Herring and
Anchovy feed) and tissue type (dorsal skin, dorsal muscle, ventral skin and ocular tissues) on key individual fatty acids (FA) and FA summaries in
juvenile Atlantic salmon. Significant UV and diet effects were further examined using Tukey multiple comparison procedures. Multiple
comparisons for (1) Sun vs )UVB, (2) Sun vs )UVR and (3) )UVB vs )UVR were not significant and are therefore not shown.
Variable
Significant main effects*
Herring vs Anchovy
Significant multiple comparisons
UV Diet Tissue +UVB vs Sun +UVB vs )UVB +UVB vs )UVR
LIN <0.05 <0.05 <0.05 Herring > Anchovy + UVB > )UVB + UVB > )UVR
GLA <0.05
ALA <0.05 <0.05† <0.05 + UVB > )UVB + UVB > )UVR
ARA <0.05† <0.05 <0.05 Herring < Anchovy
EPA <0.05 Herring < Anchovy
DPA <0.05 <0.05 Herring < Anchovy
DHA <0.05† <0.05
Omega-3 <0.05 <0.05 Herring < Anchovy
Omega-6 <0.05 <0.05 + UVB > )UVB + UVB > )UVR
SAFA <0.05 <0.05 + UVB > )UVB + UVB > )UVR
MUFA <0.05† <0.05 <0.05 Herring > Anchovy
PUFA <0.05 <0.05 Herring < Anchovy
Total FA <0.05† <0.05
Lipid <0.05
*Interaction effects were not significant. †Not significant after false discovery rate correction for multiple inferences.
Table 6. Summary results from the ANCOVA testing the effects of
length (continuous variable), UV treatment (+UVB, Sun, )UVB and
)UVR) and diet (herring and anchovy feed) on the weight of juvenile
Atlantic salmon.
d.f. MS F-value P-value
Model* 8 7.1315 16823.3 <0.0001
Length 1 57.0356 134548 <0.0001
UV 3 0.0037 8.61 <0.0001
Diet 1 0.0019 4.54 0.0334
UV · Diet 3 0.0012 2.76 0.0412
Error 936 0.0004
*Slope homogeneity tests performed prior to the ANCOVA confirmed
slopes were homogeneous and interaction terms with length were not
significant.
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Experiments where food composition is manipulated with
the objective of increasing growth rates and ⁄ or producing a
higher quality food for human consumption are common in
the aquaculture literature. In the case of fish feeds, these
manipulations are often dramatic, as for example, when
fishmeal-based feeds are contrasted with predominantly
cereal-based feeds (42). We chose to undertake a compara-
tively more subtle feed manipulation consisting of the substi-
tution of oil from one oil-rich fish species (Atlantic herring)
with a different oil from another oil-rich fish species (Peruvian
anchovy) which had slightly higher HUFA concentrations. We
did this because we knew that EPA and DHA promote
growth, DHA is involved in visual acuity and that ARA has
specific, but, as yet not fully understood, stress-modulating
effects in fish.
Atlantic herring is an abundant marine fish species found on
both sides of the Atlantic Ocean. They feed on copepods, krill
and small fish, and are themselves eaten by a variety of natural
predators, including salmonids. The Peruvian anchovy is
another small planktivore that eats mainly phytoplankton,
but also small zooplankton and fish larvae. Because they
contain high concentrations of omega-3 FA, anchovies are
used in the production of high quality fishmeal (in terms of
EFA concentrations). This attribute meant that we could use
anchovies to enhance the omega-3 HUFA content of fishmeal
compared to one based on Atlantic herring oil. The results
indicate that we were successful in producing two feeds
with the desired characteristics and that these feeds resulted
in significantly higher HUFA concentrations in the
various tissues of juvenile Atlantic salmon by the end of the
experiment.
Overall, juvenile Atlantic salmon subjected to the +UVB
treatment had higher concentrations of LIN and ALA as well
as higher total concentrations of omega-6 FA and SAFA
compared to fish in the reduced UV treatments. However,
although diet clearly influenced FA profiles of the various fish
tissues sampled, there was no interaction between UV and diet
when all treatments and tissues were examined together. LIN
and ALA, the precursors of ARA and EPA, respectively, are
essential FAs that must be obtained from the diet, i.e. fish
cannot synthesize these FAs de novo. The great majority of
ALA (43) and also SAFA and MUFA supply energy for
swimming through normal catabolic processes. Thus, unless
fish in the +UVB were eating more food (it was supplied
ad libitum to all fish) the overall increase in LIN and ALA in
the +UVB treatment indicates either reduced catabolism of
these essential FAs for energy and ⁄ or reduced conversion
(elongase ⁄ desaturase) of LIN and ALA to ARA and EPA,
respectively. The former observation is supported by the
finding that normal feeding behavior, as well as agonistic
interactions among individuals (i.e. movement) of juvenile
salmon held in artificial flumes, is significantly depressed
following exposure to UVR (44). These authors concluded that
these effects could have ecological consequences including
influencing summer densities, density-dependent growth, and
size-dependent winter and early marine survivals. Thus,
although we did not specifically measure fish activity in the
tanks, our data suggest that fish in the +UVB treatment
were more quiescent than fish in the reduced UV treatments
resulting in a buildup of normal catabolic substrates (e.g. ALA
and SAFA). We suggest that, in the reduced UV treatment,
normal catabolic substrates (e.g. ALA and SAFA) are utilized
more to enhance fish growth (see below).
At the individual tissue level, exposure to UV radiation did
not produce any detectable effects on FA composition or
total lipid of either muscle tissues or dorsal skin. This was
surprising, as we expected dorsal skin to be affected as it is
an obvious target site for UV radiation. Unexpectedly, FA
profiles in ventral skin showed the strongest responses to UV
radiation. This was manifested by increases in several
physiologically important FAs (LIN, GLA, ALA, and
EPA) as well as total PUFA and total FA. Ventral skin
tissue in salmon is white and should, therefore, be more
susceptible to UV exposure effects than the more darkly
pigmented dorsal skin. Although it is possible that ventral
skin could have been exposed to UVR, for example if fish
swam at an angle to the surface, we consider it unlikely that
this tissue received sustained exposure to UVR given: (1) the
attenuation of UVR with depth, (2) the normal swimming
behavior that was observed and (3) the fact that fish spent
most of their time near the bottom of the net cages during
the day. We suggest that it is much more likely that the
observed increase in these FAs in the +UVB treatment is a
result of reduced fish activity. Ventral skin and attached
muscle tissues (belly meat) of salmonids are fattier than
dorsal tissues; hence, as depot sites for fat, they can
Table 7. Comparison of length–weight relationships for juvenile Atlantic salmon cultured in eight UV · Diet treatments. Length–weight
relationships from treatments not connected by the same letter are significantly different (Tukey–Kramer multiple comparison tests; P < 0.05).
The projected weight of a 12 cm long fish from each treatment combination is shown for comparison.
UV Diet N Slope Intercept Regression R2
Tukey–Kramer
comparisons
Projected weight* (g)
of a 12 cm long fish
(% difference from
greatest weight)
)UVR Herring 130 3.09 )2.00 0.99 A 21.58
)UVB Herring 114 3.13 )2.05 0.99 A B 21.43 (0.69)
)UVB Anchovy 118 3.16 )2.09 0.99 A B C 21.28 (1.39)
)UVR Anchovy 121 3.13 )2.05 0.99 A B C 21.26 (1.48)
+UVB Herring 122 3.11 )2.02 0.99 A B C 21.22 (1.67)
Sun Anchovy 114 3.15 )2.07 0.99 B C 21.11 (2.18)
+UVB Anchovy 108 3.13 )2.06 0.99 B C 21.08 (2.31)
Sun Herring 118 3.12 )2.05 0.99 C 20.93 (3.01)
*Back-transformed from log value.
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reasonably be expected to show the greatest effects of
reduced activity.
Ocular tissue FA profiles were primarily affected by diet.
Ocular tissues of juvenile Atlantic salmon raised on the
Anchovy-based feed had higher concentrations of EPA, DPA
and total omega-3 consistent with the higher concentrations of
these compounds in the feed. This result demonstrates the
plasticity, in terms of FA profiles, of ocular tissues of fish in
response to a dietary manipulation. Diet and UV treatment
also interacted such that the lowest concentrations of ARA,
DHA and PUFA levels were found in the ocular tissues of fish
from the )UV treatments fed the Herring-based diet. We
suggested previously that fish in the )UV treatments were
more active and that this was manifested by decreased ALA,
LIN and SAFA concentrations in other tissues. DHA (and
PUFA) dominates FA profiles of ocular tissues; thus, if fish
were growing more quickly in the )UV treatments, the
requirements for these FAs by other tissues would be expected
to compete with the requirements of ocular tissues, especially
for fish fed the Herring-based diet which had significantly
lower concentrations of DHA than the Anchovy-based diet.
The Herring-based diet produced heavier fish per unit
length than the Anchovy diet (Table 6) despite the fact that
dorsal muscle tissues of juvenile Atlantic salmon raised on the
Anchovy-based diet had higher concentrations of ALA, EPA
and DPA (Fig. 2). This suggests that these essential fatty acids
were not limiting in either diet and, moreover, that the
critically important ratio between omega-3 and omega-6 FA
(45) and ⁄ or the higher MUFA concentrations in the Herring-
based feed (Fig. 1) were more conducive to higher growth
rates. Exposing juvenile salmon to UV slightly reduced their
weight per unit length (Table 7), suggesting that such expo-
sures are stressful to the fish at some level. This result supports
our finding that, overall, juvenile Atlantic salmon subjected to
the +UVB treatment likely had reduced activity levels and,
thus, higher concentrations of LIN, ALA, total omega-6 FA
and SAFA compared with fish in the reduced UV treatments.
CONCLUSIONS
The conclusion that the health of juvenile Atlantic salmon is
reduced under mildly increased UV is supported by findings of
a companion study (12). In a parallel series of measurements,
with another subset of fish exposed to higher UV levels than
was the case in this experiment, the authors (12) found
decreased weight, hematocrit values and plasma protein
concentrations in juvenile Atlantic salmon. There were also
effects on plasma immunoglobulin concentrations. They sug-
gested that this interference with immune system functioning
could have long-term consequences for disease resistance in
UV-exposed Atlantic salmon. It is well established that stress,
and especially changes in nutritional status in early life stages,
can have unforeseen but significant fitness consequences in
fishes, birds and mammals later in life (46,47). The results of
this study, a companion study (12) and the work of others (44)
all suggest that unprotected juvenile Atlantic salmon may
experience negative effects (immune and behavioral responses,
changes in fatty acid profiles) following exposure to UVR and
that their growth is slightly reduced (this study). Other studies
have reported that exposure to UVR can have negative effects
on the skin and eyes of various fish species, including
salmonids (see above). Future studies should assess the effects
of exposure to UVR early in life on fitness consequences to
later life history stages of Atlantic salmon.
Acknowledgements—We thank Penny Kuhn for her assistance with the
UV measurements and dose estimates and Michelle Palmer (Palmer
Processing) for statistical advice. We are grateful to Bjørn Johnson (the
Norwegian Radiation Protection Authority), Arne Dahlback (the
University of Oslo) and Ka˚re Edvardsen (the Norwegian Institute for
Air Research) for access to the Bergen irradiance data. We also thank
Stig Ove Utskot (Institute of Marine Research, Norway) for main-
taining tanks and taking care of the fish and Reidun Bjelland for
helping with the tissue dissections. Tyler Spencer (Environment
Canada) provided expert help with the fatty acid analyses. The project
was supported by grants from the Research Council of Norway
(140472 ⁄ 130), the Norwegian Institute of Marine Research (Sensory
Biology and Behavior Project) and Environment Canada.
REFERENCES
1. Frenette, J. J., M. T. Arts, J. Morin, D. Gratton and C. Martin
(2006) Hydrodynamic control of the underwater light climate in
fluvial Lac Saint-Pierre. Limnol. Oceanogr. 51, 2632–2645.
2. Kjeldstad, B., O. Frette, S. R. Erga, H. I. Browman, P. Kuhn, R.
Davis, W. Miller and J. J. Stamnes (2003) UV (280 to 400 nm)
optical properties in a Norwegian fjord system and an intercom-
parison of underwater radiometers. Mar. Ecol. Prog. Ser. 256, 1–
11.
3. Arts, M. T., R. D. Robarts, F. Kasai, M. J. Waiser, V. P. Tumber,
A. J. Plante, H. Rai and H. J. De Lange (2000) The attenuation of
ultraviolet radiation in high dissolved organic carbon waters of
wetlands and lakes on the northern Great Plains. Limnol. Ocea-
nogr. 45, 292–299.
4. McKenzie, R. L., P. J. Aucamp, A. F. Bais, L. O. Bjorn and M.
Ilyas (2007) Changes in biologically-active ultraviolet radiation
reaching the Earth’s surface.Photochem. Photobiol. Sci. 6, 218–231.
5. Vincent, W. F. and P. J. Neale (2000) Mechanisms of UV damage
to aquatic organisms. In The Effects of UV Radiation in the
Marine Environment (Edited by M. S. Demers and M. Vernet),
pp. 149–176. Cambridge University Press, Cambridge, UK.
6. Williamson, C. E., P. J. Neale, G. Grad, H. J. De Lange and B. R.
Hargreaves (2001) Beneficial and detrimental effects of UV on
aquatic organisms: Implications of spectral variation. Ecol. Appl.
11, 1843–1857.
7. Battini, M., V. Rocco, M. Lozada, B. Tartarotti and H. E.
Zagarese (2000) Effects of ultraviolet radiation on the eggs of
landlocked Galaxias maculatus (Galaxiidae, Pisces) in north-
western Patagonia. Freshw. Biol. 44, 547–552.
8. Alemanni, M. E., M. Lozada and H. E. Zagarese (2003) Assessing
sublethal effects of ultraviolet radiation in juvenile rainbow trout
(Oncorhynchus mykiss). Photochem. Photobiol. Sci. 2, 867–870.
9. Zagarese, H. E. and C. E. Williamson (2001) The implications of
solar UV radiation exposure for fish and fisheries. Fish Fish. 2,
250–260.
10. FAO (2008) Fishery and Aquaculture Statistics – 2006, pp. 1–81.
Food and Agriculture Organization of the United States, Rome.
11. Arts, M. T. and C. C. Kohler (2009) Health and condition in fish:
The influence of lipids on membrane competency and immune
response. In Lipids in Aquatic Ecosystems (Edited by M. T. Arts,
M. T. Brett and M. Kainz), pp. 237–255. Springer, New York.
12. Jokinen, I. E., E. S. Markkula, H. M. Salo, P. Kuhn, S. Nik-
oskelainen, M. T. Arts and H. I. Browman (2008) Exposure to
increased ambient ultraviolet B radiation has negative effects on
growth, condition and immune function of juvenile Atlantic sal-
mon (Salmo salar). Photochem. Photobiol. 84, 1265–1271.
13. McKinlay, A. F. and B. L. Diffey (1987) A reference action
spectrum for ultra-violet induced erythema in human skin. In
Human Exposure to Ultraviolet Radiation: Risks and Regulations
(Edited by W. F. Passchier and B. F. M. Bosnjakovich), pp. 83–87.
Elsevier, Amsterdam.
918 Michael T. Arts et al.
14. Kaweewat, K. and R. Hofer (1997) Effect of UV-B radiation on
goblet cells in the skin of different fish species. J. Photochem.
Photobiol. B, Biol. 41, 222–226.
15. Sharma, J. G., R. Masuda and M. Tanaka (2005) Ultrastructural
study of skin and eye of UV-B irradiated ayu Plecoglossus altivelis.
J. Fish Biol. 67, 1646–1652.
16. Bell, M. V., R. S. Batty, J. R. Dick, K. Fretwell, J. C. Navarro and
J. R. Sargent (1995) Dietary deficiency of docosahexaenoic acid
impairs vision at low light intensities in juvenile herring (Clupea
harengus L.). Lipids 26, 565–573.
17. Bell, M. V., L. A. McEvoy and J. C. Navarro (1996) Deficit of
didocosahexaenoyl phospholipid in the eyes of larval sea bass fed
an essential fatty acid deficient diet. J. Fish Biol. 49, 941–952.
18. Jeffrey, B. G., H. S. Weisinger, M. Neuringer and D. C. Mitchell
(2001) The role of docosahexaenoic acid in retinal function. Lipids
36, 859–871.
19. Birch, E. E., D. G. Birch, D. R. Hoffman and R. Uauy (1992)
Dietary essential fatty acid supply and visual acuity development.
Invest. Ophthalmol. Vis. Sci. 33, 3242–3253.
20. Politi, L., N. Rotstein and N. Carri (2001) Effects of docosa-
hexaenoic acid on retinal development: Cellular and molecular
aspects. Lipids 36, 927–935.
21. Cullen, A. P., C. A. Monteith-McMaster and J. G. Sivak (1994)
Lenticular changes in rainbow trout following chronic exposure to
UV-radiation. Curr. Eye Res. 13, 731–737.
22. Rafferty, N. S., K. A. Rafferty and S. Zigman (1997) Comparative
response to UV irradiation of cytoskeletal elements in rabbit and
skate lens epithelial cells. Curr. Eye Res. 16, 310–319.
23. Folch, J., M. Lees and G. H. S. Stanley (1957) A simple method
for the isolation and purification of total lipids from animal tis-
sues. J. Biol. Chem. 226, 497–509.
24. Morrison, W. R. and L. M. Smith (1964) Preparation of fatty acid
methyl esters and dimethylacetals from lipids with boron fluoride-
methanol. J. Lipid Res. 5, 600–608.
25. Zellmer, I. D., M. T. Arts, D. Abele and K. Humbeck (2004)
Evidence of sublethal damage in Daphnia (Cladocera) during
exposure to solar UV radiation in subarctic ponds. Arct. Antarct.
Alp. Res. 36, 370–377.
26. Hurlbert, S. H. (2004) On misinterpretations of pseudoreplication
and related matters: A reply to Oksanen. Oikos 104, 591–597.
27. Box, G. E. P. and N. R. Draper (1987) Empirical Model-building
and Response Surfaces. Wiley, New York.
28. Lenth, R. V. (1989) Quick and easy analysis of unreplicated fac-
torials. Technometrics 31, 469–473.
29. Haaland, P. D. and M. A. Oconnell (1995) Inference for effect-
saturated fractional factorials. Technometrics 37, 82–93.
30. Montgomery, D. C. (2009) Design and Analysis of Experiments.
Wiley, New York.
31. Benjamini, Y. and Y. Hochberg (1995) Controlling the false dis-
covery rate—A practical and powerful approach to multiple
testing. J. R. Stat. Soc. Series B Stat. Methodol. 57, 289–300.
32. Gladyshev, M. I., M. T. Arts and N. N. Sushchik (2009) Pre-
liminary estimates of the export of omega-3 highly unsaturated
fatty acids (EPA+DHA) from aquatic to terrestrial ecosystems.
In Lipids in Aquatic Ecosystems (Edited by M. T. Arts, M. T. Brett
and M. Kainz), pp. 179–209. Springer, New York.
33. Lands, W. E. M. (2009) Human life: Caught in the food web. In
Lipids in Aquatic Ecosystems (Edited by M. T. Arts, M. T. Brett
and M. Kainz), pp. 327–354. Springer, New York.
34. Odmark, S., A. Wulff, S.-A˚. Wa¨ngberg, C. Nilsson and K. Sun-
dba¨ck (1998) Effects of UVB radiation in a microbenthic com-
munity of a marine shallow-water sandy sediment.Mar. Biol. 132,
335–345.
35. Liang, Y., J. Beardall and P. Heraud (2006) Effect of UV radiation
on growth, chlorophyll fluorescence and fatty acid composition of
Phaeodactylum tricornutum and Chaetoceros muelleri (Bacillario-
phyceae). Phycologia 45, 605–615.
36. Kasai, F. and M. T. Arts (1998) The interactive effects of UV-B
radiation and a herbicide on uptake and allocation of carbon in
two strains of the green alga Scenedesmus. Aquat. Ecol. 31, 261–
272.
37. Kainz, M. J. and A. T. Fisk (2009) Integrating lipids and con-
taminants in aquatic ecology and ecotoxicology. In Lipids in
Aquatic Ecosystems (Edited by M. T. Arts, M. T. Brett and M.
Kainz), pp. 93–113. Springer, New York.
38. Hebert, C. E., D. V. C. Weseloh, A. Idrissi, M. T. Arts, R.
O’Gorman, O. T. Gorman, B. Locke, C. P. Madenjian and E. F.
Roseman (2008) Restoring piscivorous fish populations in the
Laurentian Great Lakes causes seabird dietary change. Ecology
89, 891–897.
39. Koven, W., Y. Barr, I. Ben-Atia, R. Weiss, M. Harel, P. Behrens
and A. Tandler (2001) The effect of dietary arachidonic acid
(20:4n-6) on growth, survival and resistance to handling stress in
gilthead seabream (Sparus aurata) larvae. Aquaculture 193, 107–
122.
40. Koven, W., R. van Anholt, S. Lutzky, I. Ben Atia, O. Nixon, B.
Ron and A. Tandler (2003) The effect of dietary arachidonic acid
on growth, survival, and cortisol levels in different-age gilthead
seabream larvae (Sparus auratus) exposed to handling or daily
salinity change. Aquaculture 228, 307–320.
41. Arts, M. T., R. G. Ackman and B. J. Holub (2001) ‘‘Essential
fatty acids’’ in aquatic ecosystems: A crucial link between diet
and human health and evolution. Can. J. Fish. Aquat. Sci. 58,
122–137.
42. Trushenski, J. T., C. S. Kasper and C. C. Kohler (2006) Chal-
lenges and opportunities in finfish nutrition. Proc. Natl Acad. Sci.
USA 90, 7498–7502.
43. Bell, M. V. and D. R. Tocher (2009) Biosynthesis of polyun-
saturated fatty acids in aquatic ecosystems: General pathways
and new directions. In Lipids in Aquatic Ecosystems (Edited by
M. T. Arts, M. T. Brett and M. Kainz), pp. 211–236. Springer,
New York.
44. Holtby, L. B. and M. L. Bothwell (2008) Effects of solar ultra-
violet radiation on the behaviour of juvenile coho salmon
(Oncorhynchus kisutch): Avoidance, feeding, and agonistic inter-
actions. Can. J. Fish. Aquat. Sci. 65, 701–711.
45. Ahlgren, G., T. Vrede and W. Goedkoop (2009) Fatty acid ratios
in freshwater fish, zooplankton and zoobenthos—Are there spe-
cific optima? In Lipids in Aquatic Ecosystems (Edited by M. T.
Arts, M. T. Brett and M. J. Kainz), pp. 147–178. Springer, New
York.
46. Metcalfe, N. B. and P. Monaghan (2001) Compensation for
a bad start: Grow now, pay later? Trends Ecol. Evol. 16, 254–
260.
47. Blas, J., G. R. Bortolotti, J. L. Tella, R. Baos and T. A. Marchant
(2007) Stress response during development predicts fitness in a
wild, long lived vertebrate. Proc. Natl Acad. Sci. USA 104, 8880–
8884.
Photochemistry and Photobiology, 2010, 86 919
